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INTRODUCTION
Programmed cell death (PCD) is a fundamental event for the development of multicellular organisms and the homeostasis of their tissues. It is an evolutionarily conserved mechanism present in organisms ranging from yeast to mammals [1] [2] [3] .
In mammals, cytochrome c (Cc) and dATP bind to apoptosis protease-activating factor-1 (Apaf-1) in the cytoplasm, a process leading to the formation of the Apaf-1/caspase-9 complex known as apoptosome. This apoptosome subsequently activates caspases-3 and -7 [4, 5] . In other organisms, such as Caenorhabditis elegans or Drosophila melanogaster, however, Cc is not essential for the assembly and activation of the apoptosome [6] despite the presence of proteins homologous to Apaf-1 -cell death abnormality-4 (CED-4) in C. elegans and Drosophila Apaf-1-related killer (Dark) in D. melanogaster -which have been found to be essential for caspase cascade activation. Furthermore, other organisms such as Arabidopsis thaliana lack Apaf-1 [7] . In fact, highly distant caspase homologues (metacaspases) [8, 9] , serine proteases (saspases) [10] , phytaspases [11] and VEIDases [12] [13] [14] , among others, with caspase-like activity have been detected in plants; however, their targets remain veiled and whether they are activated by Cc remains unclear.
Intriguingly, the release of Cc from mitochondria into the cytoplasm during the onset of PCD is an evolutionarily conserved event found in organisms ranging from yeast [15] and plants [16] to flies [17] and mammals [18] . However, understanding of the roles of this phenomenon in different species can be said to be uneven at best. In fact, the release of Cc from mitochondria has thus far been considered a random event in all organisms, save mammals. Thus, the participation of Cc in the onset and progression of PCD needs to be further elucidated.
Even in the case of mammals, the role(s) of Cc in the cytoplasm during PCD remain(s) controversial. Recently, new putative functions of Cc, going beyond the already-established apoptosome assembly process, have been proposed in the nucleus [19, 20] and the endoplasmic reticulum [21] [22] [23] . Neither these newly proposed functions nor other arising functions, such as oxidative stress [24] , are as yet fully understood. This current state of affairs demands deeper exploration of the additional roles played by Cc in non-mammalian species.
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In this study, putative novel Cc-partners involved in plant PCD were identified. For this identification, a proteomic approach was employed based on affinity chromatography and using Cc as bait. The Cc-interacting proteins were identified using nano-liquid chromatography tandem mass spectrometry (NanoLC-MS/MS). These Cc-partners were then further confirmed in vivo through bimolecular fluorescence complementation (BiFC) in A. thaliana protoplasts and human HEK293T cells, as a heterologous system. Finally, the Cc-GLY2, Cc-NRP1 and Cc-TCL interactions were corroborated in vitro using surface plasmon resonance (SPR).
These results indicate that Cc is able to interact with targets in the plant cell cytoplasm during PCD. Moreover, they provide new ways of understanding why Cc release is an evolutionarily well-conserved event, and allow us to propose Cc as a signaling messenger, which somehow controls different essential events during PCD.
Running title: New Arabidopsis thaliana Cc-targets during plant PCD 6
EXPERIMENTAL PROCEDURES Protein Expression and Purification
Plasmid pCytA [25] , containing the coding region for A. thaliana Cc, was used to obtain the Cc mutant A111C, in which the C-terminal alanine was replaced by a cysteine, through mutagenic PCR. The oligonucleotides designed to build the A111C mutant were 5'-gaaggcacctgttgatgaattc-3' and 3'-cttccgtggacaactacttaag-5'. The A111C mutant was expressed and further purified using ionic exchange chromatography, a process previously described for wild-type Cc by Rodríguez-Roldán et al. [25] .
A. thaliana Cell Cultures and PCD Induction
A. thaliana penicillin (Duchefa Biochemie) at 100 rpm and 25 ºC.
PCD was then induced according to the procedure described by De Pinto et al. [26] .
Explained briefly, a stationary phase culture was diluted 5:100 (v/v). Following three days of growth under normal conditions, 35 mM H 2 O 2 was added to 100 mL cell suspension cultures.
Cell Viability and Morphology
Cell viability was measured using the trypan blue dye exclusion test as described by
De Pinto et al.
[27] and cells were counted with a hemocytometer. The MM2d cell viability rate was calculated dividing the number of viable cells by the total number of cells. Following the collection of MM2d cells through centrifugation at 1,000 x g for 10 min, cell morphology was analyzed and visualized using an Olympus BX60 fluorescence microscope.
Protein and Chlorophyll Determination
Protein content was determined using the (4) cell extracts treated with H 2 O 2 and purified using the Cc TS-4B column.
NanoLC-MS/MS
Prior to the performance of NanoLC-MS/MS analysis, the purified protein samples Peak lists from all MS/MS spectra were extracted from the Xcalibur RAW files using a freely available program DTAsupercharge v1.19 (http://msquant.sourceforge.net).
Bioinformatics
For protein identification, the UniProt_Arabidopsis protein database 100323 (90895 sequences, 33249465 residues) was searched using a local license for MASCOT 2.1. Database search parameters used were the following: trypsin as enzyme;
peptide tolerance, 300 ppm; fragment ion tolerance, 0.6 Da; missed cleavage sites,1, and fixed modification, carbamidomethyl cysteine and variable modifications, methionine oxidation. In all protein identification, probability scores were greater than the score established by MASCOT (30) as significant, with a p-value less than 0.05.
Design of Vectors for BiFC Assays
The cDNA coding available for 9 out of the 10 Cc potential targets previously 
Western Blot Analysis
The HEK293T cells were harvested 48 h after transfection through centrifugation at 1,500 rpm for 5 min. Total cell extracts were obtained through repeated freeze-thaw cycles. SDS-PAGE was performed using 12 % polyacrylamide gels. Proteins were transferred onto nitrocellulose membranes (BioRad) using a semi-dry transfer system and immunoblotted with a rabbit anti-EGFP polyclonal antibody (1:1,000;
Biovision Research Products). A horseradish-peroxidase (HRP)-conjugated goat
anti-rabbit IgG (1:12,000; Sigma-Aldrich) was then used for detection. The immunoreactive bands were developed using ECL Plus Western Blotting Detection System (Amersham).
Cloning, Expression and Purification of A. thaliana Cc and its Protein Partners
Wild-type A. thaliana Cc was cloned in the pBTR vector under lac promoter and expressed in E. coli BL-21. For this, 25 mL of pre-cultures were grown overnight at 37 ºC in LB medium. 2.5 mL of pre-culture was used to inoculate 2.5 L of the same medium in a 5 L Erlenmeyer flask. The culture was shaken at 30 ºC for 24 h, after which further protein purification was carried out as indicated in Rodríguez-Roldán et al. [25] .
Proteins interacting with A. thaliana Cc -GAPDC1, GLY2, NRP1 and TCL -were cloned in the pET-28a vector under the T7 promoter. cDNAs coding for Cc targets were purchased from ABRC. These constructs were used to express the Cc-targets in the E. coli BL-21 (DE3) RIL strain. 250 mL pre-cultures in LB medium supplemented with 50 μg·mL -1 kanamycin were grown overnight and used to 
SPR Measurements
The formation of complexes between A. thaliana Cc and its protein partners -GAPDC1, GLY2, NRP1 and TCL -was assayed with SPR using a BiaCore 3000 and CM4 Chips. An automated desorption procedure was performed prior to each experiment to ensure the cleanliness of the BiaCore tubing, channels and sample injection port. The initial electrostatic attraction of A. thaliana Cc to the CM4 Sensor Chip surface was assessed by taking into account its isoelectric point and was optimized to pH 5.8. The plant Cc was then covalently attached to the matrix using standard amine-coupling chemistry, as previously described [35] . A reference flow cell was used as a control in which the chip surface was treated as described above, but without the injection of plant Cc.
The binding measurements were performed at 25 ºC using HBS-EP buffer containing 10 mM HEPES, 150 mM NaCl, 3 mM EDTA and 0.005 % surfactant P20, adjusted to pH 7.4. Interactions between plant Cc and its protein partners were analyzed by flowing several GAPDC1, GLY2, NRP1 and TCL proteins at different concentrations (from 0.1 to 10 μM) over the Cc-modified surface at a flow rate of 10 μL·min -1
. Each concentration was injected at least three times. In each sensogram, the signals from the reference flow cell surface were subtracted.
RESULTS

PCD Induction in A. thaliana Cells
Oxidative stress has emerged as an important signal in the activation of plant PCD. Figures 1G and 1H ).
Exploring Novel Cc Protein Partners during PCD Using a Proteomic Approach
Based on Affinity Chromatography and NanoLC-MS/MS.
As explained earlier, understanding the role of Cc during plant PCD is necessary in order to grasp the evolution of heme protein-dependent PCD pathways. Hence, novel Cc protein partners during PCD were identified using a proteomic approach relying on affinity chromatography and mass spectrometry ( Figure S3 ). In affinity chromatography, the thiol-sepharose matrix (TS-4B) was used which covalently binds proteins displaying solvent-exposed cysteines. Therefore, to attach Cc to the TS-4B matrix, the C-terminal alanine residue of Cc was replaced by a cysteine through mutagenic PCR. The resulting A111C Cc mutant, expressed and purified as Table 1 .
Up to 10 novel Cc partners were identified (Supplemental Data 1). Table 1 shows a list of these Cc-targets, indicating their molecular weight, isoelectric point, as well as their cellular localization as described in the literature.
Verification of Cc Interactions In vivo
The BiFC approach is a widely-used technique permitting the analysis of protein- Fluorescence results are shown in Figure S5 . Overall, the interaction between Cc and the 9 targets was also corroborated in human cells. Some of these interactions, like those involving eIF2, BiP1, BiP2, GAPDC1 and RD21, occur in the cytoplasm, while others like those involving GLY2 and Sm/D1 whose YFP fluorescence overlaps with DAPI staining, are characterized by nucleo-cytoplasmic localization.
Interestingly, NRP1-Cc and TCL-Cc complexes take place inside the nucleus.
Notably, apo-Cc needs to be translocated from the cytosol to mitochondria in order to assemble its heme group and form a holoenzyme. Under homeostatic conditions, 
In vitro Validation of Cc Adducts: SPR Measurements
The interactions between plant Cc and the novel partners presented here were further analyzed through SPR in vitro. Of the 9 Cc-targets, GAPDC1, GLY2, NRP1
and TCL were over-expressed as soluble recombinant proteins. Figure 3 shows the As mentioned previously, during PCD, Cc is released from mitochondria into the cytosol in a wide variety of organisms including yeasts [15] , plants [16] , flies [17] and mammals [18] . Nevertheless, a function for this cytoplasmic pool of Cc has, thus far, been described only in mammals [4, 5] . This evolutionarily conserved release of Cc, as well as the additional and less-understood functions of mammalian Cc during PCD suggest the existence of a conserved signaling network hovering around Cc.
Such would also seem to explain why Cc is a highly-conserved protein [46] and, furthermore, why the mitochondria-to-cytosol translocation of the heme protein is a common, evolutionarily conserved event.
Based on a proteomic approach combined with BiFC, 9 Cc interacting proteins have been identified in A. thaliana. These novel Cc-targets are divided into seven main categories, according to their cellular functions (Figure 4 ):
Protein Folding
Luminal binding proteins BiP1 and BiP2 have been related to endoplasmic reticulum (ER) stress, drought tolerance and leaf senescence [47] . Moreover, the overexpression of BiP proteins in tobacco protoplasts increases cell tolerance to ER stress [48] . BiP1 and BiP2 are also known to be close homologues of human HSPA5, which has been related to caspase inhibition [49] and the regulation of survival pathways and cell proliferation [50] [51] [52] . Furthermore, translocation from the ER to cytoplasm has been previously described under ER stress conditions [51] .
Notably, HSPA5 is also targeted by Cc in human cells (Martínez-Fábregas et al., unpublished).
Translational Regulation
Eukaryotic initiation factor 2 (eIF2) is a heterotrimeric complex formed by eIF2, eIF2 and eIF2 [53] . In mammals, the inhibition of protein synthesis enhances the induction of PCD through different stimuli [54] . Under apoptotic conditions, PKR phosphorylates eIF2, leading to eIF2 dissociation and thereby hindering translation [55] , an essential event for autophagy initiation [56] . Notably, it was found that eIF2
(Martínez-Fábregas et al., unpublished) and eIF2 bind Cc in human and A. thaliana cells, respectively, indicating eIF2 to be a common target of the heme protein in eukaryotes.
Cell Death
In animal cells, the activation of cysteine proteases is an important step for PCD [57] .
These enzymes have also been detected in plant cells undergoing PCD [58] [59] [60] .
RD21 (Responsive to Dehydration 21) is a cysteine protease synthesized as a 57 kDa inactive precursor which matures into a 33 kDa active form [61] . RD21 contains a redox-sensitive catalytic site, GxCGSCW, with two cysteine residues capable of forming a disulfide bond [62] . It has been recently proposed that protein disulfideisomerase-5 (PDI5) sequesters plant cysteine proteases in the protein storage vacuoles of endothelial cells, thereby blocking their protease activity until the onset of PCD. According to yeast two-hybrid assays, PDI5 interacts with RD21 and inhibits recombinant RD21 activity in vitro [63] . Hence, PDI5 seems to be involved in regulating the timing of PCD [64] .
Oxidative Stress
The glyoxalase system consists of several enzymes. GLY1 and GLY2 are involved in methylglyoxal (MG) detoxification. Recently, novel glyoxalases have been described in A. thaliana [65] . MG is produced in all living organisms and its levels in plants are enhanced upon exposure to different abiotic stresses [66] . Excessive MG formation leads to ROS production, causing oxidative stress [67] . Increased levels of GLY2 have been detected in mammalian tumor cells and GLY2 inhibitors have been used to slow the growth of tumor cells in vitro [68, 69] . Moreover, MG has been demonstrated to induce apoptosis in different types of mammalian cells [70] [71] [72] [73] .
DNA Damage
Nucleosome assembly protein 1 (NAP-1)-related proteins (NRP) are well conserved in all kingdoms. In A. thaliana, the nrp1-1 nrp2-1 double loss-of-function mutant is Running title: New Arabidopsis thaliana Cc-targets during plant PCD 18 highly sensitive to genotoxic stress and shows increased levels of DNA damage, being essential for cell proliferation [74] .
NRP1 is also a homologue of human SET [74] , which has been related to DNA repair after single-strand breaks during oxidative stress [75] . Nevertheless, this function has not yet been attributed to plant NRP1. Interestingly, SET has been identified as a human Cc target (Martínez-Fábregas et al., unpublished).
Energetic Metabolism
GAPDC1 is homologous to mammal GAPDH, a soluble multitasking protein involved in glycolysis, apoptosis induction, cell signaling, tRNA export and DNA repair, among other functions [76] . Recently, new anti-PCD functions for plant GAPDH have begun to emerge (e.g., suppression of reactive oxygen species) [77] . Notably, Cc does not target the same protein in human cells, but rather another, ALDOA (MartinezFábregas et al., unpublished), affecting the same metabolite, GAL-3P.
mRNA Metabolism
The spliceosome, a macromolecular machine containing several uridine-rich small nuclear ribonucleoproteins (U snRNPs) and many non-RNP splicing factors, is a "major player" in splicing [78] . While there are different U snRNP complexes, all share core components such as Sm proteins (e.g., Sm/D1) [79] . Alternative splicing has been recently linked to apoptosis in mammals by different groups [80, 81] . The mutation, deletion or knockdown of core spliceosomal proteins can result in altered splicing patterns in yeast cells [82] [83] [84] [85] , fly cells [86] and mammalian cells [87] [88] [89] [90] [91] .
The TREX (transcription/export) complex has a conserved role in coupling 
